Copper is essential but toxic in excess for aerobic organisms. Yeast transcription factor ACE1 functions as a sensor for copper and an inducer for the transcription of CUP1. In addition, ACE1 can activate the transcription of superoxide dismutase gene (sod1) in response to copper. In this study, we introduced the yeast ACE1 into Arabidopsis and analyzed its function in plant. Under high copper stress, the transgenic plants over-expressing ACE1 showed higher survival rate than the wild-type. We also found that over-expression of ACE1 in Arabidopsis increased the activities of SOD and POD, which were beneficial to the cell in copper buffering. Excess copper would suppress the expression of chlorophyll biosynthetic genes in Arabidopsis, 
INTRODUCTION
Copper (Cu) is a vital micronutrient for normal plant growth and development. It is a cofactor for many physiological processes including photosynthesis, mitochondrial respiration, superoxide scavenging, ethylene sensing, and lignification (1) . However, excess Cu causes phytotoxicity by inhibiting key cellular processes, including photosynthesis and electron transport, lipid peroxidation, and disruption of protein functions due to Cu-binding to sulphydryl groups, and finally causes the inhibition of plant growth or even death (2) (3) (4) (5) . Excess Cu also induces the formation of reactive oxygen species (ROS) (6, 7) , which has been directly correlated with the damage to the membrane proteins and lipids (8) (9) (10) . The cells are normally protected from the damage of ROS by operation of intricate anti-oxidative systems comprising of enzymatic [superoxide dismutase (SOD), catalase (CAT), peroxidase (POD) and enzymes of Halliwell-Asada pathway] and non-enzymatic (ascorbate, glutathione and phenolic compounds) systems (11) . Additionally, in order to prevent toxicity of heavy metals, plants can synthesize different kinds of metal-binding peptides including phytochelatins and metallothioneins. Consequently, heavy metals can be detoxified by chelation and sequestration in the vacuole (12, 13) , and various membrane transport systems play an important role in metal ion homeostasis and tolerance (14) .
ACE1 is a transcriptional activator in copper-replete cells. It is a member of a group of fungal transcription factors that contain a copper-fist cysteine-rich DNA-binding domain located in the N-terminal region (15) . In Saccharomyces cerevisiae, ACE1 can activate the transcription of the metallothionein encoding genes cup1 (16) (17) (18) (19) and crs5 (20) , and the superoxide dismutase gene sod1 (21, 22) in response to copper. Recently, Canessa et al. (23) found that pc-ACE1 from Phanerochaete chrysosporium activates the transcription of the mco1 (multicopper oxidases) gene.
So far, the function of ACE1 in plants has not been reported. Here, we showed direct evidence for the copper stress tolerance of ACE1 in Arabidopsis thaliana. Our results indicated that ACE1 may play an important role to copper stress tolerance in the transgenic plants as in S. cerevisiae.
RESULTS

Transgenic Arabidopsis plants with higher expression of ACE1
To analyze the potential function of the ACE1 in plants, the entire coding region of ACE1 was introduced into Arabidopsis cells under the control of the double CaMV 35S (D35S) promoter (Fig. 1A) . Eight independent lines of transgenic plants with ACE1 (T1 generation) were obtained by selecting for growth on medium containing hygromycin (40 μg/ml), and transgenic plants of the T2 generation were confirmed by PCR. Among them, three lines (named A1, A4, A5) having high expression of ACE1 were choose for further experiments. In the next T2 generation, the three over-expressing lines showed http://bmbreports.org BMB reports Fig. 2A ). Data are the mean ± SD of three replicates. n = 50 seedlings per line for each experiment. The values with significant differences according to t-tests are indicated by asterisks (*P ≤ 0.05; **P ≤ 0.01).
Fig. 3.
Copper stress tolerance and chlorophyll biosynthesis pathway. (A) 3-week-old seedlings were transferred carefully from pots into water containing Cu 2+ [0 mM (control), 50 mM, 100 mM]. The photograph was taken at 10th days after they were watered CuSO4. (B) Survival rates of the transgenic A.thaliana and wild-type plants at three-week-old stage treated with CuSO4 (described as Fig. 3A) . Data are the mean ± SD of three replicates. n = 50 plants per line for each experiment. The values with significant differences according to t-tests are indicated by asterisks (*P ≤ 0.05; **P ≤ 0.01). (C) 3-week-old seedlings in pots were given Cu 2+ solution (20 mM) for 4d, and measured the chlorophyll contents of leaves (0d represented the control). Data are the mean ± SD of three replicates. The values with significant differences according to t-tests are indicated by asterisks (*P ≤ 0.05; **P ≤ 0.01). (D) Expression pattern of genes coding for chlorophyll biosynthesis enzymes in Arabidopsis using RT-PCR. Three-week-old plants were given CuSO4 (20 mM) for 3d and harvested to freeze in liquid nitrogen. A representative experiment is shown. Genes coding for enzymes involved in the chlorophyll pathways were identified by searching the Arabidopsis annotation in The Arabidopsis Information Resource (http://www. arabidopsis.org). strong ACE1 expression (Fig. 1B) .
Copper tolerance in seedling growth
Petri dishes were used to copper-tolerance assay on transgenic Arabidopsis seedlings. In this assay, Arabidopsis seeds were grown on MS medium containing Cu 2+ (0 μM, 10 μM, 15 μM) in Petri dish. The root length was measured at 10 d post-germination (dpg). As shown in Fig. 2A and 2B, the root length of ACE1 transgenic plants were dramatically longer than that of the wild-type.
Copper stress tolerance of transgenic plants
To analyze copper stress tolerance, 3-week-old T2 seedlings grown in pots at 22 o C were transferred to water and given CuSO4 (0 μM, 50 μM, 100 μM). The photograph was taken at 10th days after they were watered CuSO4 (0 μM, 50 μM, 100 μM) solution. The leaves of wild-type plants mostly withered and turned yellow, while that of the three over-expressions were dark green (Fig. 3A) . Most of the wild-type plants exposed to 100 μM Cu 2+ died after 10d, whereas ≥70% of the transgenic plants survived (Fig. 3B) . It showed that the transgenic plants over-expressing ACE1 have more tolerance to copper stress than the wild-type plants.
Chlorophyll content
Excess Cu inhibited the photosynthesis and electron transport (2) . To analyze the influence of copper stress to photosynthesis, we detected the effects of copper stress on the total http://bmbreports.org The content of total chlorophyll in wild type and transgenic plants were decreased after stress. However, the decrease in the transgenic plants was significantly lower than that in the wild-type (Fig. 3C) .
Chlorophyll biosynthetic enzymes assay
RT-PCR was used to analyze the chlorophyll biosynthetic enzymes. The genes of uroporphyrinogen decarboxylase (AT3g14930) and methyl transferase (AT4g25080) were not expressed in wild type after copper stress (Fig. 3D) , while the expression of other genes were not changed much in transgenic plants after stress treatment.
Malondialdehyde (MDA)
Excess Cu can cause lipid peroxidation (3). The level of lipid peroxidation for plants was measured on the basis of the accumulation of malondialdehyde (MDA), a major product of lipid peroxidation (24) . As shown in Fig. 4A , significant differences in the MDA level were detected between wild-type and transgenic plants when they were exposed to copper stress. It demonstrated that less accumulation of lipid peroxidation product was observed in transgenic plants than wild-type.
Superoxide dismutase (SOD) and peroxidase (POD) activity
Excess Cu can cause the change in the activity of some ROS scavenging enzymes (3). The activities of SOD and POD in wild-type and transgenic plants were increased after copper stress ( Fig. 4B and 4C) . However, the increase in transgenic plants was significantly higher than that in wild-type.
DISCUSSION
Previous studies have shown that ACE1 can control Cu resistance and sensitivity in yeast (16, (25) (26) (27) . Our study showed that ACE1 can also enhance the copper tolerance in Arabidopsis.
Heavy metal can affect root development. Roots are usually shortened and thickened or poorly developed under heavy metal stress (28) . After treated with different copper concentration (0 μM, 10 μM, 15 μM) in Petri dish, the root development was obviously more retarded in wild-type seedling (Fig.  2) . It demonstrated transgenic plants have higher copper tolerance than wild-type.
Photosynthesis is also sensitive to excessive Cu, the pigment and protein components of photosynthetic membranes are the targets (29) . When high copper stress was imposed on plants, the leaves turned yellow and the chlorophyll content decreased (Fig. 3A, 3C ). Chlorophyll synthesis diminution after heavy metal stress may be the consequence of inhibition of enzymes for Chlorophyll synthesis (30) . Our result suggested that the uroporphyrinogen III decarboxylase gene (AT3g14930) and magnesium-protoporphyrin IX methyltransferase gene (AT4g 25080) involved in the chlorophyll biosynthesis were suppressed and not expressed in wild-type after copper stress treatment (Fig. 3D) . Uroporphyrinogen III decarboxylase catalyzes the stepwise decarboxylation of the four acetate residues of uroporphyrinogen III to form coproporphyrinogen III (31) . Although it has been extensively studied in animals, where deficiency causes porphyria disease, the plant enzyme has been relatively little studied. Pontier et al. demonstrated that the magnesium-protoporphyrin IX methyltransferase (CHLM) gene was essential for the formation of chlorophyll and subsequently for the formation of photosystems I and II and cytochrome b6f complexes using CHLM knock-out mutant in Arabidopsis (32) . It may explain the reason why the content of chlorophyll in wild type decreased more than transgenic plants after copper stress. The expression of other genes involved chlorophyll biosynthesis pathway seemed not changed much in both control and transgenic plants under stress. Subtle differences in transcript accumulation were difficult to discern by semi-quantitative RT-PCR.
The accumulation of MDA is often used as an indicator of lipid peroxidation (33) . Membrane lipid peroxidation occurs from a malfunction of the scavenging system, which can lead to the damage of main cellular components (34) . High copper stress increased MDA content both in wild-type and transgenic plants (Fig. 4A) , similar to what has been found in other species (35, 36) . Less MDA accumulation in transgenic plants suggested that lipid peroxidation developed less in transgenic plants on high copper stress.
Cu-induced damage is mainly due to the generation of ROS which usually damages the cellular structure, such as membranes, nucleic, chloroplast pigments (37-39). Gralla et al. (21) demonstrated that ACE1 activated copper, zinc superoxide dismutase gene in yeast which encoded copper, zinc superoxide dismutase (EC1.15.1.1), a copper-containing enzyme that functions as preventing oxygen toxicity. Further, higher ROS concentration increase the activities of POD which scavenge the H2O2 resulting from SOD activity (40) . In our study, we found that the activities of SOD and POD were increased after copper stress treatment ( Fig. 4B and 4C) . Moreover, the increasing activities of both enzymes were significantly higher in transgenic plants than in wild-type plants. This might contribute towards the decreases in the damage of cellular components caused by ROS. These made the transgenic plants having higher tolerance and survival rate than wild-type when they were exposed to high copper stress (Fig. 3A and 3B) .
Together, our results suggested that over-expression of ACE1 in Arabidopsis enhances the copper tolerance due to the accumulation of defense factors, such as SOD and POD. Further investigation is needed to elucidate the function and regulatory mechanism of ACE1 in plant-stress responses.
MATERIALS AND METHODS
Isolation and transformation of a cDNA encoding the putative ACE1
The full cDNA was cloned by PCR from the yeast Saccharomyces cerevisiae cDNA library. Reactions were performed using special primers (the forward primer was based on the ATG start codon: 5'-GGATCCATGGTCGTAATTAACGGGGTCAAA TATG-3' and the reverse primer was based on the TAA stop codon: 5'-GAGCTCTTATTGTGAATGTGAGTTATG-3').The products were cloned into TA clone vector Simple pMD-18 (Takara Co., Ltd, Dalian, China) and the integrity of the construct was verified by sequencing (the Chinese National Human Genome Center, shanghai, China). The full-length ACE1 cDNA was digested with Bam HI and Sac I, and cloned into the binary vector pYG7221 under the control of an enhanced double CaMV 35S promoter and the tobacco mosaic virus TMVΩ sequence to strengthen their translation efficiency (41) . The constructs were introduced into Agrobacterium tumefaciens GV3101 by electroporation. A. thaliana was transformed by the floral dip method (42) .
Plant material, growth condition, and treatments
Plants (Arabidopsis thaliana ecotype Colubia) were grown on Murashige and Skoog medium (43) for 15d, and transferred into the pots filled with a 9 : 3 : 1 mixture of vermiculite/peat moss/perlite in a controlled environmental chamber at 22 o C kept on a 16/8 h day/night cycle.
For copper stress, 3-week-old seedlings were transferred carefully from pots into water containing Cu 2+ (0μM, 50 μM, 100 μM).
For the assay of chlorophyll biosynthetic enzymes, 3-weekold seedlings in pots were given Cu 2+ solution (20 mM) for 3d and harvested to freeze in liquid nitrogen.
For the measurement of the physiological properties (chlorophyll, MDA, SOD, POD), 3-week-old seedlings in pots were given Cu 2+ solution (20 mM) for 4d, and measured the contents using leaves (0d represented the control).
Petri dish copper tolerance assay
Sterilized Arabidopsis seeds were grown on MS medium containing Cu 2+ (0 μM, 10 μM, 15 μM) in Petri dish, then they were incubated in the darkness at 4 o C for 2d and finally transferred maintaining vertically to grow in a controlled environment chamber at 22 o C kept on a 16/8 h day/night cycle. The root length was measured in 10 dpg.
Reverse transcription-PCR analysis
Total RNA was extracted with the multisource total RNA miniprep kit (Axygen Scientific, Inc., Union City, CA, USA) according to the manufacturer's instruction and was digested with DNase I (Takara Co., Ltd, Dalian, China) to remove genomic DNA. The first strand of cDNA was synthesized using 5 μg of total RNA as a template with the Reverse Transcription System (Promega, Madison, WI, USA) in a 20 μl reaction volume. In order to improve the reliability of RT-PCR, the A. thaliana actin gene (AtAc2, accession number: NM112764) was synthesized by two primers (AtAc2Z1: 5'-GCACCCTGTTCTTCTTAC CGAG-3' and AtAc2F1: 5'-AGTAAGGTCACGTCCAGCAAGG-3') and used as an internal standard. The PCR reaction was carried out in 27 cycles of 30s at 94 
Chlorophyll and malondialdehyde (MDA) content
Chlorophyll was extracted from individual leaves with 95% ethanol and its content determined as described previously by Lichtenthaler (44) .
The level of lipid peroxidation in leaf tissue was determined in terms of malondialdehyde (MDA) content by thiobarbituric acid (TBA) reaction as described by Heath and Packer (45) . Leaf tissue (500 mg) was homogenized in 5.0 ml of 0.1% (w/v) trichloroacetic acid (TCA). The homogenate was centrifuged at 10,000 × g for 5 min. Of this solution, 2.0 ml was boiled for 30 min at 95°C in a water bath with 2.0 ml of 0.5% TBA (prepared in 20% TCA) and then cooled quickly on ice bath. The resulting mixture was centrifuged at 10,000 × g for 15 min and absorbance of the supernatant was measured at 532 nm. The measurements were corrected for nonspecific absorbance by subtracting the absorbance at 600 nm.
Enzyme extraction
Fresh leaves tissue (0.1 g) was homogenized in 1.6 ml of chilled 50 mM phosphate buffer (pH 7.8) using chilled pestle and mortar kept in ice bath. The homogenate was filtered with twofold muslin cloth and centrifuged at 20,000 × g for 10 min in a refrigerated centrifuge at 2 o C. The supernatant was stored at 2 o C and used for enzyme assays within 4 h.
Enzyme assays
SOD (EC 1.15.1.1) activity was assayed by using the photochemical NBT method. The assay was performed in terms of SOD's ability to inhibit reduction of nitroblue tetrazolium (NBT) to form formazan by superoxide by the method described previously (46) . The enzyme extract 50 μl in 3 ml contained 50 mM phosphate buffer, pH 7.8, 13 mM L-methionine, 75 μM NBT, 10 μM EDTA-Na2, and 2.0 μM riboflavin. The photoreduction of NBT (formation of purple formazan) was measured at 560 nm. One unit of SOD was defined as that being present in the volume of extract that caused inhibition of the photo-redution of NBT by 50%.
POD (EC 1.11.1.7) activity was measured using the method of MacAdam et al. (47) with modification. The POD reaction solution contained 50 ml phosphate buffer (50 mM), pH 7.8, 20 mM guaiacol, 40 mM H2O2, and 50 μl enzyme extract. Changes in absorbance of the reaction solution at 470 nm were determined every 30 s. One unit POD activity was defined as an absorbance change of 0.01 units per min.
